Over ve years of hard X-ray (20{60 keV) monitoring of the 7.66 s accretionpowered pulsar 4U 1626{67 with the Compton/BATSE large-area detectors have revealed that the neutron star is now steadily spinning down, in marked contrast to the steady spin-up observed during 1977{1989. This is the second accreting pulsar (the other is GX 1+4) which has shown extended, steady intervals of both spin-up and spin-down. Remarkably, the magnitudes of the spin-up and spin-down torques di er by only 15%, with the neutron star spin changing on a time scale j = _ j 5000 yr in both states. The current spin-down rate is itself decreasing on a time scale j _ = j 26 yr. The long-term timing history shows
{ 2 { small-amplitude variations on a 4000-d time scale, which are probably due to variations in the mass transfer rate. The pulsed 20{60 keV emission from 4U 1626{67 is well-t by a power law spectrum with photon index = 4:9 and a typical pulsed intensity of 1:5 10 ?10 erg cm ?2 s ?1 . The low count rates with BATSE prohibited us from constraining the reported 42 minute binary orbit, but we can rule out long-period orbits in the range 2 d < P orb < 900 d.
We compare the long-term torque behavior of 4U 1626{67 to other diskfed accreting pulsars and discuss the implications of our results for the various theories of magnetic accretion torques. The abrupt change in the sign of the torque is di cult to reconcile with the extremelysmooth spin-down now observed. The strength of the torque noise in 4U 1626{67, 10 ?22 Hz 2 s ?2 Hz ?1 , is the smallest ever measured for an accreting X-ray pulsar and is comparable to the timing noise seen in young radio pulsars. We close by pointing out that the core temperature and external torque (the two parameters potentially relevant to internal sources of timing noise) of an accreting neutron star are comparable to those of young radio pulsars.
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INTRODUCTION
Early studies of X-ray pulsars accreting from disks found that the observed long-term spin-up time scale ( su = j spin = _ spin j < 10 4 yr) was much less than the X-ray emitting lifetime ( x > 10 6 yr), implying that long-term spin-up cannot be the steady-state behavior of these systems (Elsner, Ghosh, & Lamb 1980) . The discovery of prolonged spin-down (Makishima et al. 1988 ) and subsequent additional torque reversals (Chakrabarty et al. , 1995b in GX 1+4 was a dramatic illustration of this for the source with the shortest spin-up time ( su 40 yr). At the same time, it raised questions about what sets the time scale of years for these torque sign reversals. In this paper, we report on observations of a torque reversal and extended spin-down in a second pulsar, 4U 1626{67.
The X-ray source 4U 1626{67 (l = 321 , b = ?13 ) was discovered in the 2{20 keV band by Uhuru (Giacconi et al. 1972) . Subsequent 1.5{30 keV observations with SAS-3 revealed 7.68 s pulsations (Rappaport et al. 1977) and provided a su ciently accurate position to identify the optical counterpart, KZ TrA (McClintock et al. 1977) . Optical pulsations with 2% amplitude were detected at the same frequency as the { 3 { X-ray pulsations (Ilovaisky, Motch, & Chevalier 1978) and are understood as reprocessing of the pulsed X-ray ux by the accretion disk (Chester 1979) . The system shows strong, correlated X-ray/optical ares every 1000 s that are of undetermined origin (Joss, Avni, & Rappaport 1978 ) and have no X-ray spectral changes . A 40 mHz quasi-periodic oscillation was detected in X-ray observations by Ginga and ASCA , Angelini et al. 1995 , and has been recently detected in optical observations as well (Chakrabarty 1996a) .
Further timing of the optical pulsations detected weak, persistent pulsations in a sidelobe of the \direct" (X-ray) pulse frequency, which were attributed to a beat frequency with a 42 min binary orbit arising from reprocessing on the companion surface (Middleditch et al. 1981) . X-ray timing measurements have thus far failed to detect orbital Doppler shifts of the pulsar signal, placing an upper limit of a x sin i < 8 lt-ms on the size of a 42-min orbit mass function of f x (M) < 10 ?6 M ). The optical limits on the companion's luminosity rule out the possibility of accretion from a conventional stellar wind (Chakrabarty 1996a) . The most likely Roche-lobe lling companion consistent with the timing limits is a low mass (0.02{0.06 M ) degenerate He or C-O dwarf; more massive stars require very unlikely inclination angles (see Verbunt, Wijers & Burm 1990 for a complete discussion). Such a companion would make 4U 1626{67 similar to the few known ultracompact binaries (P orb < 80 min; see Nelson, Rappaport, & Joss 1986 ), all of which consist of a collapsed primary and a hydrogen-depleted low-mass secondary. Those with neutron star primaries are the X-ray burst sources 4U 1820{30 and 4U 1916{05 (see Nelson et al. 1986 ), while those with white dwarf primaries are the six AM CVn binaries (see Warner 1995a Warner , 1995b . Recent ASCA observations detected a strong complex of neon emission lines near 1 keV (Angelini et al. 1995) and may provide a further clue to the composition of the mass donor.
For more than a decade after its discovery, accretion was steadily spinning up 4U 1626{ 67 on a time scale su 5000 yr. However, long-term 20{60 keV monitoring of the source with the Burst and Transient Source Experiment (BATSE) on the Compton Gamma Ray Observatory beginning in 1991 April found that the accretion torque had changed sign, causing spin-down at nearly the same rate (Wilson et al. 1993 ). This change of state was subsequently con rmed in 3{60 keV observations with the ART-P instrument on Granat , 0.2{2.4 keV observations with ROSAT/PSPC (Angelini, Ghosh, & White 1994) , and 0.5{10 keV observations with ASCA (Angelini et al. 1995) . In this paper we report on over ve years of continuous BATSE timing and spectral data. { 4 { 2. OBSERVATIONS AND ANALYSIS 2.1. Pulse Frequencies BATSE is a nearly continuous all-sky monitor of 20 keV{1.8 MeV hard X-ray/ -ray ux (see Fishman et al. 1989 for a description). Our standard BATSE pulsed source detection and timing analysis uses the 20{60 keV channel of the 4 channel/1.024 s resolution DISCLA data type (see Chakrabarty et al. 1993 , Chakrabarty 1996b , and we reduce all our timing observations to the solar system barycenter using the Jet Propulsion Laboratory DE-200 solar system ephemeris (Standish et al. 1992) . The barycentric pulse frequency history of 4U 1626{67 from 1991 April to 1996 June was determined by dividing the BATSE data into short ( few days) segments and searching the Fourier power spectrum of each segment for the strongest signal in a small range around a pulse period of 7.7 s. The length of data used was always much shorter than the time scale for signal decoherence caused by the large pulse frequency derivative ( decoh = q 1=j _ j 13 days; see Appendix). Figure 1 shows the pulse frequency history of 4U 1626{67. The pre-BATSE pulse timing measurements are summarized in Table 1 . (Optical pulse timing observations are omitted due to their comparatively large measurement uncertainties.) During 1977{1989, the source underwent steady spin-up at a mean rate _ = 8:54(7) 10 ?13 Hz s ?1 . The pulse frequency history observed by BATSE from 1991 April to 1996 June (MJD 48360{50260) is also shown in Figure 1 . The BATSE measurements are of comparable or better quality to the previous observations, but have substantially better coverage in time. Throughout the BATSE observations, the pulsar was spinning down steadily at nearly the same rate that it had been previously spinning up. The data in the interval MJD 48600{48800 are of reduced quality due to telemetry problems and gaps associated with the failure of the tape recorder onboard Compton. Figure 1 ). The presence of a signi cant quadratic term in Equation (1) indicates that the spin-down torque is decreasing in magnitude on the rapid time scale j _ = j 26 yr. Levine et al. (1988) reported that the spin-up torque was increasing on a similar time scale, j _ = j 40 yr, { 5 { during 1977{1986. We note that the torque reversal from spin-up to spin-down occurred rapidly in comparison to these time scales. Despite the torque reversal between the two measurements, they both indicate the same sense of curvature in the torque history (i.e., > 0 in both cases). In order to investigate the long-term behavior of , we detrended the pulse frequency history with a bimodal linear model by assuming that the torque reversal occurred instantaneously at MJD 48060 and tting the pre-reversal data with a constant spin-up trend and the post-reversal data with a constant spin-down trend. The residuals with respect to this model are shown in Figure 2 . (The 1979 February and September archival measurements are omitted due to their large measurement uncertainties and the presence of contemporaneous data of higher quality.) A quadratic trend in the BATSE observations is obvious, and a slower quadratic trend in the 1977{1986 data is apparent as well. Taken as a whole, the residuals appear to vary with 5 Hz amplitude on a 4000 d time scale.
The 4000 d variation in the frequency residuals cannot be due to orbital Doppler modulation, as we now show. The observed variation amplitude would imply a projected neutron star orbital radius of a x sin i 2100 lt-s for P orb = 4000 d, corresponding to a mass function of f x (M) 0:8 M for the companion. To ll its Roche lobe, such a companion would need to be an M supergiant, which is ruled out by the optical luminosity limits on the companion. The optical luminosity limits also rule out the possibility of a companion with a conventional wind (Chakrabarty 1996a) . We therefore suggest that the 4000 d time scale in the frequency residuals re ects torque variations caused by 10% modulation of the mass transfer rate from the companion. Flux variations at this level are undetectable in the archival ux history of 4U 1626{67.
Pulse Phases
We can probe the rotation history of the pulsar more sensitively using a pulse arrival time (phase) analysis. We measured pulse phases by epoch-folding short (1{3 d) intervals of the DISCLA data and cross-correlating with a high signal-to-noise pulse template. The pulsar's behavior is very stable, and we can maintain an unambiguous pulse count over the entire BATSE observation history. In the absence of a clear binary orbital signature, we t the resulting pulse phase history to a descriptive model of the form = 7:3424(1070) 10 ?30 Hz s ?3 , referenced to the epoch t 0 = MJD 49000 TDB. The pulse phase residuals with respect to the t to Equation (2) are shown in Figure 3 . Slowly varying excursions from the model on time scales of a few hundred days are evident. Quasi-periodic residuals with multiple zero-crossings are a natural consequence of polynomial detrending of a red noise process (see below). We note that while the size and aperiodicity of the phase residuals limit the utility of Equation (2) as a predictive pulse phase ephemeris, Equation (1) is an excellent (0.0002% RMS residual) ephemeris for the pulse frequency.
The variation in the pulse phase residuals is not periodic and thus cannot arise from a binary orbit. Since the 42 min orbit reported by Middleditch et al. (1981) has yet to be con rmed with pulse timing measurements, it is interesting to use the Fourier amplitude spectrum of the pulse phase residuals to set an upper limit on the possible size of a longperiod orbit (see Levine et al. 1988 ). Because BATSE requires 1 d to acquire a signi cant detection of 4U 1626{67, we cannot constrain the size of orbits with P orb < 2 d with our pulse timing data. Combining our results with earlier measurements by SAS-3, EXOSAT, and Ginga (Rappaport et al. 1977 , Joss, Avni, & Rappaport 1978 ), we can set the following upper limits on the projected orbital radius:
8 lt-ms (3 ) for P orb =42 min (Ginga) 13 lt-ms (3 ) for 10 min P orb 10 h (EXOSAT) 100 lt-ms (2 ) for 1 d < P orb <2 d (SAS-3) 60 lt-ms (2 ) for 2 d < P orb <60 d (BATSE) 150 lt-ms (2 ) for 60 d < P orb <900 d (BATSE):
The limit for orbital periods P orb > 60 d is less stringent due to a substantial increase in noise power uctuations at low frequencies. The polynomial detrending of the phase residuals Equation (2)] limits our sensitivity to orbital motion on time scales comparable to our 1600 d observation length. For P orb > 900 d, orbital modulations are adequately approximated by a fourth-order polynomial and thus cannot be separated from the longterm trends we observe in the spin frequency. For P orb < 900 d, the signature of a circular orbit cannot be represented by a fourth-order polynomial, and we nd that the sensitivity is at most reduced by 30%. Losses due to trend removal are insigni cant for P orb < 500 d. Our observations e ectively rule out the possibility of a long-period orbit, lending strong support for the ultracompact binary model of 4U 1626{67.
Noise Properties of the Pulse Phases
Since the phase residuals in Figure 3 cannot be explained by a binary orbit, it is useful to characterize the statistical properties of the pulse phase uctuations. The strong correlations evident on long time scales indicate the presence of a strong \red noise" component (a power spectral component which rises with decreasing frequency) in the pulse phase uctuations. The presence of red noise can bias an unwindowed Fourier analysis of the power spectrum continuum due to power leakage through the broad sidelobe response of sinusoidal basis functions (Deeter & Boynton 1982) . For a regularly-sampled time series with no gaps, power spectral leakage can be suppressed (at a cost in frequency resolution) by judicious use of data windowing (Harris 1978) . More sophisticated red noise spectral estimation techniques exist for handling data which are irregularly sampled or contain gaps (Deeter & Boynton 1982 , Deeter 1984 , but these are not required for the present analysis since our pulse phase measurements for 4U 1626{67 are regularly sampled and continuous.
To achieve good supppression of the Fourier transform sidelobe response, we chose a multiplicative window function of the form , where the factor in parentheses recovers the double-sided (?f Nyq < f < f Nyq ) normalization of the power spectrum by enforcing Parseval's theorem with respect to the unwindowed time series. We obtain the power density spectrum (PDS) by dividing by the analysis frequency spacing, f = (N t) ?1 . Polynomial detrending of a red noise process arti cially suppresses power at very low frequencies. Numerical simulations showed that, for our case, only the lowest PDS bin is a ected. We do not consider this bin in our analysis.
The resulting PDS of the pulse phase uctuations, P , is shown in the left panel of Figure 4 . A steep red noise spectrum dominates at low frequencies, while a white noise process caused by the statistical uncertainties in the pulse phase measurements dominates above 10 ?7 Hz. Although our measurements were made of pulse phases, it is of physical interest to study the uctuations in pulse frequency derivative, since this quantity is proportional to the net torque on the neutron star. The PDS of uctuations in pulse frequency derivative { 8 { P _ is simply related to P by P _ = (2 f) 4 P (see, e.g., Boynton 1981) . This spectrum, logarithmically rebinned in analysis frequency, is shown in the right panel of Figure 4 . The error bars for the rebinned PSD data were determined using numerical simulations of similar red noise processes. The f 4 spectrum at analysis frequencies f > 10 ?7 Hz is due to phase measurement noise. The spectrum turns over at lower frequencies, following a best-t power-law of f ?0:5 0:7 .
Within the uncertainties, the low frequency spectrum is consistent with white noise in the torque. This is equivalent to a random walk in pulse frequency of strength S Rh( ) 2 i = P _ = 10 ?21:5 0:3 Hz 2 s ?1 , where R is the rate at which random walk steps of magnitude occur. A frequency random walk is also observed in the accreting pulsars Her X-1 (Boynton 1981) and Vela X-1 (Deeter et al. 1989 . If we write the individual random walk steps in frequency as rw = _ rw rw (where rw = 1=R is the time scale on which the steps occur), then we nd j _ rw j = 0:047j _ sd j( rw =1 d) ?1=2 , where sd is the mean spin-down rate. Since we do not resolve any individual random walk steps in our pulse phase observations, we cannot place any constraints on rw .
We note, however, that our observations are also consistent with 1=f noise in the torque, as is also observed in the accreting pulsars Cen X-3 (Finger, Wilson, & Fishman 1994 ) and GX 1+4 (Chakrabarty et al. 1996) . Because of the very low noise strength ( 10 ?22 Hz 2 s ?2 Hz ?1 ) in 4U 1626{67, only a small bandwidth interval of the BATSE data lies above the phase measurement noise level, leading to a large uncertainty in the power-law index for the torque noise.
Red noise processes are capable of inducing apparent high-order terms in the pulse timing model. For example, the root-mean-squared (RMS) variation in the pulse frequency due to a random walk over a time T is p S T . It is therefore of interest to know how large our observed values of _ , , and ::: are compared to the values expected due to red noise. We can set an approximate upper limit on the pulse frequency derivatives expected due to a frequency random walk by equating the RMS frequency variation with the RMS of the appropriate term in the Taylor expansion for frequency over our 1600 d observation. We nd that the observed values of _ and are too large to be induced by the inferred random walk strength, but the observed :::
is consistent with being a red noise artifact.
Spectral and Flux History of the Pulsed Emission
In order to measure the photon energy spectrum of the pulsed emission, we folded a long segment of the BATSE CONT data (16 energy channels, 2.048 s resolution) using the pulse frequency model of Equation 1. We used all the available data over the interval 1991 April 24{1993 June 30 (MJD 48370{49168). A single-harmonic pulse model was employed to measure the pulsed count rates in the pulse pro les (see Chakrabarty et al. 1995a ). The inferred phase-averaged pulsed photon spectrum, assuming a power-law spectral model dN=dE = C 30 (E=30 keV) ? , is shown in Figure 5 . The best-t spectral parameters are = 4:91(07) and C 30 = 9:5(1) 10 ?5 photons cm ?2 s ?1 keV ?1 . This spectral index is consistent with the values measured in this energy range during spin-up, although the normalization constant is a factor of 4 smaller , Maurer et al. 1982 . However, the archival observations were measuring both the pulsed and unpulsed components of the ux, so a direct comparison of their normalizations with ours is di cult. The pulse pro les from the CONT data (channels 1{5) are shown in Figure 6 . No pulsed signal was detected in channel 5 or above. The detected pulsed count rate in channel 4 and the 95%-con dence upper limits on the pulsed count rates for channels 5 and 6 all lie well below the extrapolation of the best-t power-law model, suggesting the presence of a high-energy cuto to the hard X-ray spectrum. The steep 5 power-law observed above 20 keV in 4U 1626{67 itself represents a cuto to the soft X-ray (1{20 keV) spectrum; see Pravdo et al. 1979.] We obtained a 20{60 keV pulsed ux history by folding ve-day intervals of the DISCLA channel 1 data and correcting the resulting pulsed count rates for the BATSE instrumental response, assuming a xed = 4:9 photon power-law spectrum. The resulting history, shown in Figure 7 , was relatively steady at 1:5 10 ?10 erg cm ?2 s ?1 over the entire BATSE observation interval, but with 50% variations over 50{100 day time scales. Unfortunately, we cannot use this history to make reliable inferences about the accretion rate onto the neutron star, since the extremely steep hard X-ray spectrum results in a very large bolometric correction which is sensitive to small changes in the spectral index.
3. DISCUSSION 3.1. Accretion Torques
The accretion torque exerted on the neutron star in 4U 1626{67 is very steady, most likely a sign of disk accretion. Our observations have found that the neutron star is now steadily spinning down as it accretes, in contrast to the spin-up previously observed. This may indicate that the pulsar is spinning near its equilibrium period, where the magnetospheric radius is comparable to the corotation radius r co = (GM x =4 2 2 ) 1=3 = 6:5 10 8 cm (assuming neutron star mass M x = 1:4M ). The characteristic torque N char = _ Ml co is set by the mass accretion rate _ M and the speci c angular momentum l co = (GM x r co ) 1=2
of matter at the corotation radius. This torque would give a spin evolution rate of j _ j = { 10 { N=2 I 3:5 10 ?13 Hz s ?1 , assuming _ M = 10 ?10 M yr ?1 and moment of inertia I = 10 45 g cm 2 . Since the actual torque might be less than N char , we can use the value of _ measured during spin-up to place a lower limit on the mass accretion rate, _ M > 2 10 ?10 M yr ?1 (see Chakrabarty et al. 1993 ). As Levine et al. (1988) have already noted, mass accretion rates of this order are consistent with a low-mass degenerate helium or carbon-oxygen companion whose evolution is driven by gravitational radiation. To make this consistent with the best bolometric ux measurement during spin-up, F x 2:4 10 ?9 erg cm ?2 s ?1 (0.7{60 keV; Pravdo et al. 1979) , the source must be at least 3 kpc distant, lying > 600 pc above the Galactic plane with a luminosity > 10 36 erg s ?1 . The implied surface strength of the dipole magnetic eld needed to place the magnetosphere at the corotation radius is B > 10 12 G for these accretion rates. Though the magnetic eld for this system has never been measured, previous authors have suggested a magnetic eld strength of 6{8 10 12 G on the basis of the cuto energy in the X-ray spectrum ) and the energy dependence of the pulse shape ).
In the broader context of all the disk-fed accreting pulsars, a wide range of spin histories is seen (see Prince et al. 1994 ). Disk-fed pulsars with a characteristic spin-up time much shorter than their X-ray-active lifetime should be at or near their equilibrium spin period. These systems evidently oscillate about this equilibrium through alternating episodes of spinup and spin-down. We tested this hypothesis by comparing the observed long-term ( > years) mean torque N avg to the characteristic torque N char . For 4U 1626{67, GX 1+4, SMC X-1, and 1E 2259+586 (all of which have exhibited steady long-term spin-up and/or spin-down behavior), we always nd N avg > 0:2N char , which (within the uncertainties) is consistent with accretion from matter near the corotation radius. In contrast, for LMC X-4 (which also exhibits long-term spin-up over its sparsely sampled history) as well as Her X-1 and Cen X-3 (which have more erratic spin histories but with net spin-up) we nd N avg 0:01N char . Some accreting pulsars have frequency histories that are consistent with a random walk (Baykal & Ogelman 1993) , which could arise if the torque had a value N char , but changed signs on a shorter time scale. Indeed, short time scale ( <10{20 d) torque measurements for Her X-1 and Cen X-3 by BATSE always nd torques well in excess of N avg , but never in excess of N char , Finger, Wilson, & Fishman 1994 . This suggests that all disk-fed accreting pulsars show torques with magnitudes < N char on short time scales and di erentiate themselves by the torque switching time.
{ 11 {
Torque Reversal
It is unclear what physics sets the time scale for torque reversals. One possibility is the presence of long-term cycles in the supply of matter from the companion, which we have already suggested as the origin of the quasi-periodic uctuations in pulse frequency shown in Figure 2 . The various theories of magnetic accretion torques (Ghosh & Lamb 1979 , Anzer & B orner 1983 , Arons et al. 1984 , Wang 1987 , Lovelace, Romanova, & Bisnovatyi-Kogan 1995 all agree that lower values of the mass accretion rate will move the magnetosphere to larger radii and eventually lead to spin-down.
Long-term cycles in mass transfer are especially plausible if the ultracompact binary description of 4U 1626{67 is correct. The accretion rate is known to vary on 100{200 day time scales in the other two ultracompact X-ray sources 4U 1820{30 and 4U 1916{05. The orbital period is much shorter in the 10 min X-ray binary 4U 1820{30, where _ M varies by a factor of three _ M (2:5 ? 7:5) 10 ?9 M yr ?1 ] on a 176 day cycle (Priedhorsky & Terrell 1984b ). Priedhorsky & Terrell (1984a) also found a 50% modulation in the luminosity from the 50 minute X-ray binary 4U 1916{05 on a 199 day cycle. The origin of these superorbital modulations is still unknown. A comprehensive reanalysis of the Vela 5B database con rmed the 4U 1820{30 measurement, and marginally con rmed the 4U 1916{05 result (Smale & Lochner 1992) . However, this reanalysis also showed that the luminosity from 4U 1626{67 did not vary by more than 15% on 100{200 day time scales. The BATSE 20{60 keV pulsed ux history does show 50% variations on 50{100 day time scales, but as noted earlier, the large bolometric correction required for these data makes them an unreliable tracer of the mass accretion rate. Moreover, none of these observations address variations on time scales of order tens of years, which might be more relevant for 4U 1626{67.
We can examine archival observations of 4U 1626{67 to probe its long-term ux behavior. Table 2 summarizes all the previous ux measurements. Only the 1978 HEAO-1 observation was a broadband measurement, simultaneously covering 0.7{60 keV ). The HEAO-1 photon spectrum may be conveniently described by a broken powerlaw model with two break points, with photon indices 1 1:6 (0.7{10 keV), 2 0:5 (10{20 keV), and 3 5 (20{60 keV). For all of the 2{10 keV observations made prior to 1990, the spectral shape was consistent with the HEAO-1 measurement. However, observations with both Ginga (Mihara 1995 , Vaughan & Kitamoto 1996 and ASCA (Angelini et al. 1995) indicate that a dramatic change in the 2{10 keV spectral shape to a photon index < 0:7 occurred with the torque reversal in 1990. Although this implies a signi cant decrease in the 2{10 keV ux, the Ginga/ASM data also indicate that the shallow power law extends as far as 20 keV, so that it is not clear that the bolometric ux also decreased.
In order to make a comparison of the archival ux measurements, it is convenient to treat the HEAO-1 observation as a ducial and compare the other observations to the HEAO-1 measurement in the appropriate bandpass. This ratio is given in column 5 of Table 2 , and is plotted in Figure 8 . For the ASCA measurement, we have extrapolated the observed 0.5{10 keV power law out to 20 keV, consistent with the 2{20 keV post-reversal measurement of Ginga/ASM. The ratio data are consistent with constant intensity at the 2 level. However, there are indications of a gradual decline in intensity over the data span. In summary, while it is clear that the energy spectrum of 4U 1626{67 changed appreciably at the torque reversal, it is unclear whether the bolometric luminosity (and thus the mass accretion rate) changed signi cantly as well. The anomalously high ux ratio value measured by Ginga/LAC (Mihara 1995) just prior to the torque reversal is intriguing. The explanation that the torque reversal was caused by a change in the mass transfer rate from the companion is unsatisfactory in several other respects. For instance, it is curious that the torque magnitudes during spin-up and spin-down are so similar; the various theories of magnetic accretion torques predict that the torque would smoothly pass through zero before the magnetospheric radius moves outside of the corotation radius (the point where accretion might be halted by centrifugal e ects), in which case one would expect a wide range of possible spin-down torque magnitudes. Moreover, one would expect the transition itself to be smooth and gradual, unless the change in the mass accretion rate were abrupt. As such, it is di cult to reconcile the abrupt change in torque from spin-up to spin-down with the extremely smooth spin-down torque which BATSE has observed for several years. A similarly abrupt change in the rate of mass loss from the companion seems unlikely in an ultracompact binary, since the mass transfer is driven by gravitational radiation. An adequate explanation may require a new model, where both the torque reversal and any accretion rate change are explained by a change of state in the neutron star-accretion disk system rather than a change in the companion. Possibilities include disk-magnetosphere instabilities or changes in the eld con guration of the neutron star.
Internal Torques and Timing Noise
The neutron star in accreting X-ray pulsars is subject to both external and internal torques. The external torques arise from both the accretion of matter from the binary companion and the interaction of the pulsar magnetosphere with the accretion disk. The internal torques arise from the response of the neutron star to these external torques and depend on the detailed interior structure of neutron stars. The pulse phase and its time derivatives provide a probe of these torque components. Among the accretion-powered pulsars, detailed statistical studies have been made of the disk-fed systems Her X-1 (Boynton 1981) , Cen { 13 { X-3 , and GX 1+4 (Chakrabarty et al. 1996) , as well as the wind-fed system Vela X-1 (Deeter et al. 1989 . Her X-1 and Vela X-1 both exhibit uctuations consistent with a random walk in pulse frequency of strength 2 10 ?19 Hz 2 s ?1 and 2 10 ?20 Hz 2 s ?1 , respectively. The PDS of torque uctuations for both Cen X-3 and GX 1+4 exhibit 1=f noise with strength > 10 ?18 Hz 2 s ?2 Hz ?1 below 10 ?6 Hz. It is unclear from our observations which type of torque noise process is operative in 4U 1626{67, but in either case the 10 ?22 Hz 2 s ?2 Hz ?1 strength at 10 ?7 Hz indicates that the process is very quiet; in fact, this is the smallest noise strength ever measured in an accretion-powered pulsar. These contrasts may simply re ect di erences in the stability of the accretion ows in these systems.
The torque noise seen in 4U 1626{67 is comparable to the timing irregularities seen in many young radio pulsars (see Lyne 1993 for a review). The timing noise in most of these radio pulsars can also be described by a random walk in frequency (Cordes & Helfand 1980) , with the Crab pulsar (one of the youngest and noisiest) exhibiting a 7 10 ?23 Hz 2 s ?1 random walk in frequency (Boynton et al. 1972 , Cordes & Helfand 1980 , less than a factor of 10 weaker than what we observe in 4U 1626{67. Observations of glitches and timing noise in radio pulsars have motivated much theoretical work on the interactions between the crustal neutron super uid and the charged component of the crust (see Alpar 1995 for a recent summary). Current models depend on the strength of the torque, and (via activation energies) the core temperature of the neutron star (see Alpar & Pines 1988) . Whether the torque is caused by accretion or by a rotating magnetic dipole is most likely irrelevant, raising the interesting possibility of observing similar e ects in accreting systems (Lamb, Pines, & Shaham 1978) . Internal torques might be the source of the noise process we observe in 4U 1626{67.
The noisiest radio pulsars are young ( < 10   4 yr, Lyne 1993) and still have relatively hot cores from birth (T c > 2 10 8 K for a standard cooling curve; see Nomoto & Tsuruta 1987) . The core temperature in an accreting neutron star is also > 10 8 K, as the nuclear burning of the freshly accreted matter on the surface heats the interior to these temperatures in < 10 6 yr (Fujimoto et al. 1984) . For the global accretion rate of 10 ?10 M yr ?1 rate relevant to 4U 1626{67, the steady-state core temperature should be T c 1 10 8 K (Ayasli & Joss 1982) . On the other hand, the external torques in young radio pulsars are generally larger than what we observe in 4U 1626-67 ( _ = 3:6 10 ?10 Hz s ?1 in the Crab pulsar). Even though the torques are di erent, it remains to be seen whether the hot core of an accreting neutron star can produce timing noise like that seen in young radio pulsars. In order to test this idea with 4U 1626{67, a careful correlation of the torque with the bolometric luminosity will be necessary so that variability in the accretion rate can be eliminated as a possible source of the torque noise.
SUMMARY
We have shown that 4U 1626{67 underwent an abrupt torque reversal in 1990, switching to steady spin-down after 13 years of steady spin-up. The current spin-down rate is nearly equal to the previous spin-up rate, with a spin evolution time scale of j = _ j 5000 yr in both states. The long-term spin history also contains small amplitude uctuations on a 4000 d time scale which are probably caused by variations in the mass transfer rate from the companion. On shorter time scales, the torque history of 4U 1626{67 is exceptionally smooth, comparable in strength to the timing noise measured in young radio pulsars.
It is unclear what caused the torque reversal. There is no clear evidence for a change in the mass transfer rate, although the X-ray spectrum changed signi cantly. The abruptness of the reversal and the similarity of the spin-up and spin-down magnitudes are di cult to explain in terms of a gradual change in _ M, while an abrupt change in _ M is hard to imagine in an ultracompact binary, where mass transfer is driven by gravitational radiation. Pulse timing analysis of the BATSE observations e ectively rule out long binary periods, lending support for the ultracompact binary model of 4U 1626-67.
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APPENDIX DECOHERENCE TIME SCALES IN PULSE TIMING
It is often necessary to integrate weak signals over long observations in order to obtain a signi cant detection. For pulse timing observations of a source whose pulse frequency 6 is not constant, this can lead to signal decoherence as later pulses are integrated out of phase with earlier pulses; it does not matter whether the measurement is in the time domain (epoch folding) or in the frequency domain (power spectra). Decoherence e ects degrade sensitivity and can lead to non-detection for su ciently weak signals. In this Appendix, we calculate the time scale on which a signal decoherence becomes important. Observation lengths comparable to this time scale will su er loss of sensitivity due to pulse smearing, unless steps are taken to maintain pulse phase coherence. This e ect can render threshold signals undetectable unless steps are taken to preserve phase coherence. Pulse shapes with short duty cycles are considerably more susceptible to this problem. For accretion-powered pulsars, there are two common causes of signal decoherence: accretion torques and orbital Doppler shifts.
Let us rst consider the e ect of a constant frequency derivative _ on a pulse timing observation. The pulse phase (in cycles) is given by 
In the case of 4U 1626{67, decoh 13 days. For longer observations, phase coherence can be recovered by \accelerating" the time series to compensate for the phase drift, essentially stretching or squeezing the size of the time bins (Middleditch 1989 , Anderson et al. 1990 , Wood et al. 1991 , Johnston & Kulkarni 1991 .
A second cause of signal decoherence is periodic Doppler shifting of the pulse frequency due to a binary orbit. We restrict our discussion to the case of a circular orbit, where the pulse phase can be written 
However, for su ciently small orbits (a x =c) sin i < P pulse =4], the signal will not su er from decoherence at all ( decoh = 1). Note that these calculations are not accurate for highly eccentric orbits. The critical quantity which determines the importance of decoherence e ects is clearly the ratio (a x =c) sin i=P pulse . A plot of orbital decoherence time scale in orbital periods, as a function of this ratio, is shown in Figure 9 . For 4U 1626{67, the upper limit on the projected light-travel time across the orbit is so small compared to the pulse period that the pulsar signal will never lose coherence due to binary motion. The decoherence time scales for a number of other low-eccentricity accreting pulsar systems is given in Table 3 . Maurer et al. 1982 , (2) Pravdo et al. 1979 , (3) Elsner et al. 1983 , (4) Kii et al. 1986 Mavromatakis 1994, (6) Vaughan & Kitamoto 1996, (7) Mihara 1995, (8) Angelini et al. 1995. a In units of 10 ?10 erg cm ?2 s ?1 . b Ratio of measured ux and 1978 HEAO-1 ux in the same bandpass. c Flux ratio for 0.5{20 keV band, extrapolating the ASCA power law t to the 10{20 keV range. This is consistent with the 2{20 keV spectrum measured by Ginga/ASM (Vaughan & Kitamoto 1996) . { 22 { { 23 { FIGURE CAPTIONS FIGURE 1: Pulse frequency history of 4U 1626{67, reduced to the solar system barycenter. The top panel shows the historical data, which are listed in Table 1 . The bottom panel is an expanded view of the interval around the torque reversal and the BATSE observations. The dashed line shows the best linear t to the 1977{1989 spin-up data (see text). The short gap in the BATSE history near MJD 48700 is due to the Compton tape recorder failure. FIGURE 2: Long-term pulse frequency residuals with respect to a bimodal linear model with constant spin-up prior to MJD 48060 and constant spin-down after MJD 48060. The strong quadratic trend in the BATSE data is obvious, and a slower quadratic trend with the same curvature is apparent in the 1977{1986 data as well. The 4000 d time scale variation is probably due to 10% changes in the mass transfer rate. FIGURE 3: Pulse phase residuals of 4U 1626{67 relative to the best-t quartic phase model (Equation 2). The phase measurements were obtained from three-day folds of the 20{60 keV BATSE DISCLA data. The typical measurement uncertainty is 0:035 pulse cycles. The large scatter in the measurements from the interval MJD 48600-48800 arises from reduced data quality associated with the Compton tape recorder failure and subsequent telemetry gaps. FIGURE 4: Fluctuation analysis of pulse phase residuals of 4U 1626{67. Left panel: Power density spectrum of uctuations in pulse phase 4U 1626{67. The steep red noise spectrum at low frequencies is torque noise intrinsic to the source, while the white noise spectrum above 10 ?7 Hz is due to pulse phase measurement uncertainties. Right panel: Corresponding power density spectrum of uctuations in the pulse frequency derivative _ , obtained by rescaling the spectrum on the left by (2 f) 4 and rebinning into uniform logarithmic intervals in frequency. The f 4 spectrum at high frequencies is due to the phase measurement noise. The relatively at torque noise below 10 ?7 Hz has the smallest noise strength ever measured in an accreting pulsar. FIGURE 5: Left panel: The phase-averaged pulsed count spectrum of 4U 1626{67 during the interval MJD 48370{49168. Right panel: The inferred phase-averaged pulsed photon spectrum of 4U 1626{67 during the same interval. The vertical bars show the 1 statistical uncertainties, while the horizontal bars show the widths of the energy channels. Upper limits are quoted at 95% con dence. In both panels, the solid line shows the best-t power law photon spectral model ( = 4:91, C 30 = 9:5 10 ?5 photons cm ?2 s ?1 keV ?1 ). FIGURE 6: Pulse pro les as a function of energy for 4U 1626{67, averaged over the interval MJD 4870{49168. Two pulses are shown for each channel, and all channels are displayed relative to the same pulse phase. The mean energy edges for each CONT channel are { 24 { indicated. These pulse pro les are overresolved by a factor of 2. Note that the pulse shapes are uncorrected for the rapid change in detector response as a function of energy in the 20{75 keV range. No pulse was detected in channel 5. FIGURE 7: Pulse-phase-averaged 20{60 keV pulsed ux history of 4U 1626{67, assuming a = 4:9 photon power-law spectrum. The vertical bars show the 1 uncertainties in the ux measurements. FIGURE 8: Long-term ux history of 4U 1626{67, relative to the ux measured by HEAO-1 in the same bandpass. The individual measurements and bandpasses are listed in Table 2 . The dotted line denotes the approximate epoch of the torque reversal. FIGURE 9: Decoherence time scale due to orbital motion as a function of projected orbital radius. The solid curve shows the exact solution from Equation (A8), and the dotted curve shows the approximate solution from Equation (A9). The shaded region indicates the location of systems which are not subject to orbital decoherence. Assuming that the projected radius of 4U 1626-67 is bounded by (a x =c) sin i=P pulse < 0:001, it must lie in this region. 
